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Abstract
Perpendicular magnetic anisotropy of the new ferromagnetic semiconductor (Ba,K)(Zn,Mn)2As2
is studied by angle-dependent x-ray magnetic circular dichroism measurements. The large magnetic
anisotropy with the anisotropy field of 0.85 T is deduced by fitting the Stoner-Wohlfarth model
to the magnetic-field-angle dependence of the projected magnetic moment. Transverse XMCD
spectra highlights the anisotropic distribution of Mn 3d electrons, where the dxz and dyz orbitals
are less populated than the dxy state because of the D2d splitting arising from the elongated MnAs4
tetrahedra. It is suggested that the magnetic anisotropy originates from the degeneracy lifting of
p-dxz, dyz hybridized states at the Fermi level and resulting energy gain due to spin-orbit coupling
when spins are aligned along the z direction.
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Ferromagnetic semiconductors (FMSs) have attracted much attention since the discovery
of ferromagnetism in (Ga,Mn)As and (In,Mn)As [1–4] as they are promising materials for
future spintronics applications. Recently, a new FMS Ba1−xKx(Zn1−yMny)2As2 was synthe-
sized in bulk form [5, 6], which crystallizes in the tetragonal ThCr2Si2 structure (I4/mmm)
and is isostructural to 122-type Fe-based superconductors, as shown in Fig. 1a. The host
compound BaZn2As2 is a semiconductor with a narrow band gap of 0.2 eV [7]. In this
system, one can control the numbers of carriers and spins independently by the heterovalent
substitution of K+ for Ba2+ and the isovalent substitution of Mn2+ for Zn2+, respectively.
Furthermore, with 30% of K and 15% of Mn substitution, the Curie temperature (TC)
reaches 230 K [8], which is higher than TC = 200 K of (Ga,Mn)As [9]. The transport and
magnetic properties can also be controlled by external pressure [10, 11]. The ferromagnetism
is most likely carrier-induced as evidenced by previous experimental and theoretical studies
[5, 10, 12–16].
Because the crystal structure is inherently anisotropic, that is, the Ba ions are located
between the quasi-two-dimensional (Zn/Mn)As layers and the (Zn/Mn)As4 tetrahedra are
elongated to the c-axis by ∼6% (see Fig. 1a), sizable magnetic anisotropy would be ex-
pected. In fact, large perpendicular magnetic anisotropy (PMA), where the magnetic easy
axis is along the c-axis, was observed by SQUID measurements [6, 17], which is useful for
future magnetic-memory applications. In general, magneto-crystalline anisotropy would not
appear from the Mn2+ high-spin state (6A1) because of the lack of orbital magnetic mo-
ment. In the case of (Ga,Mn)As, however, it was reported that biaxial strain from substrate
induces perpendicular or in-plane magnetic anisotropy (PMA or IMA) [18–22]. This was
ascribed to the orbital magnetic moment carried by the holes in the valence bands, which
are magnetically coupled with the 3d electrons through p-d exchange interaction. In the
case of (Ba,K)(Zn,Mn)2As2, however, the valence band top consists of only As 4pz orbital
[7], and the system does not have orbital degrees of freedom. Therefore, the orbital mag-
netic moment of holes alone in host valence bands cannot be responsible for the magnetic
anisotropy of (Ba,K)(Zn,Mn)2As2.
X-ray magnetic circular dichroism (XMCD) is a powerful method to study magnetic
anisotropy because one can directly probe the anisotropy of the spin (ms) and orbital (ml)
magnetic moments. Besides, one can deduce the anisotropic spatial distribution of 3d spins,
which appears as the magnetic dipole term (mT ) in the XMCD sum rule [21-24], through
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FIG. 1. Crystal structure of (Ba,K)(Zn,Mn)2As2 and experimental setup. a Unit cell of
(Ba,K)(Zn,Mn)2As2. (Zn/Mn)As4 tetrahedron elongated along the c-axis by ∼6%. The struc-
tures were drawn using a VESTA program [26]. b Schematic figure of the experimental apparatus.
c Measurement geometry. The sample was placed so that the x-ray incident angle with respect to
the sample surface became 45 degrees. H andM denote the magnetic field and the magnetization,
and θH (θM ) denotes the angle of H (M) with respect to the sample normal.
angle-dependent XMCD (AD-XMCD) measurements. In particular, XMCD spectra taken
under the transverse XMCD (TXMCD) geometry, where the applied magnetic field induces
spin magnetic moments perpendicular to the incident x ray, are known to be sensitive to the
anisotropic distribution of 3d spins [23, 24] because the usually dominant spin contribution to
the XMCD spectra vanishes. It is worth mentioning that there have been few experimental
reports on the observation of TXMCD [23–25] because the direction of the magnetic field is
usually fixed parallel to the incident x rays in most XMCD measurement systems.
In the present study, we perform AD-XMCD measurements using our custom-designed
apparatus and reveal that the large perpendicular magnetic anisotropy of (Ba,K)(Zn,Mn)2As2
originates from the degeneracy lifting of p-dxz and p-dyz hybridized orbitals due to spin-orbit
interaction and resulting energy gain when spins align to the z-direction.
Ba0.904K0.096(Zn0.805Mn0.195)2As2 single crystals with TC = 60 K were grown by the flux
technique (see supplementary material [27] for further details). AD-XMCD measurements
were performed at BL-16A2 of Photon Factory, KEK, where we installed our custom-
designed apparatus [24, 28] equipped with two pairs of superconducting magnets so that
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magnetic fields up to 1 T can be applied to any direction between the incident x-ray di-
rection and a direction perpendicular to it (see Fig. 1b for a schematic drawing). Prior
to the measurements, we cleaved the samples in situ to obtain clean surfaces. Absorption
signals were collected in the total-electron-yield mode. The measurement geometry is shown
in Fig. 1c. The sample was placed so that the angle between the incident x ray and the
[110] direction was 45 degrees. Because the direction of the incident x rays was fixed in the
present XMCD measurements, any artifact arising from the saturation effect [29] in the total
electron yield mode was ruled out. XMCD spectra are obtained as the difference between
two absorption spectra taken with right- and left-circularly polarized x rays, while x-ray
absorption spectroscopy (XAS) spectra as their summation.
In order to extract more information from the experimental XAS and XMCD spectra, we
have performed CI cluster-model calculation [30]. In the calculation, we assume a tetrahedral
[MnAs4]
−9 cluster (Mn3+ cluster). We adopt basically the same parameters as those used
for (Ga,Mn)As [31] except that we add a finite D2d splitting that makes the dxz and dyz
orbitals lie higher in energy by 0.2 eV than the dxy orbital, and the dx2−y2 orbital higher
in energy by 0.2 eV than dz2 . The parameters for the D2d splitting are chosen based on
the DFT calculation [32] which shows a ∼0.2 eV splitting for the relevant orbitals (See
supplementary material [27] for further details).
Figures 2 show the XAS and XMCD spectra of Ba0.904K0.096(Zn0.805Mn0.195)2As2 recorded
at the Mn L2,3 absorption edges. Here, the XMCD spectrum was taken with the magnetic
field along the light direction and is dominated by the spin component. We thus refer to this
spectrum as the longitudinal XMCD (LXMCD) spectrum hereafter. The XAS and LXMCD
spectra exhibit multiplet features and are very similar to those of (Ga,Mn)As [33, 34], which
are shown by blue curves in Fig. 2. This indicates the localized nature of the Mn 3d
electrons being consistent with the carrier-induced ferromagnetism picture, where itinerant
holes mediate ferromagnetic interaction between the localized Mn spins. Here, the positive
peak in the LXMCD spectrum at 642 eV located just above the dominant negative peak at
640 eV is smaller than that of (Ga,Mn)As. This may reflect the difference in the electronic
structure between (Ga,Mn)As and (Ba,K)(Zn,Mn)2As2.
The calculated spectra are shown by red dashed curves in Fig. 2. The calculated spectra
are broadened by a Lorentzian function with a varying full width at half maximum (FWHM)
that increases at the L2,3 edges in order to reproduce the asymmetric line-shape broadening.
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FIG. 2. Mn L2,3-edge XAS and LXMCD spectra of Ba0.904K0.096(Zn0.805Mn0.195)2As2 shown by
black curves. The spectra of (Ga,Mn)As [33] and the cluster-model calculation are also shown by
blue and red dashed curves, respectively. The calculated spectra were broadened (red solid curves)
using Lorentzian function with the varying FWHM plotted at the bottom of panel b.
The broadened spectra are shown by red solid curves, and the employed FWHM is plotted
at the bottom of Fig 2b. The calculated spectra agree well with the experimental spectra.
Note that how one broadens the spectra does not change the following discussion and the
conclusion.
Figures 3a and 3b show the magnetic-field-angle dependence of XMCD spectra and the
total magnetic moments of Mn projected onto the incident light direction, respectively. Here,
the magnetic moments are deduced using the XMCD sum rules [35, 36]. If there was no
magnetic anisotropy and magnetic moments always pointed to the magnetic field direction,
the data would follow a sine curve as shown by the blue curve in Fig. 3b. However, the
data clearly deviate from the sine curve, indicating a considerable magnetic anisotropy in
this system. Here, we reproduce the data using the Stoner-Wohlfarth model. In this model,
6
FIG. 3. a, b Magnetic-field-angle dependence of XMCD spectra and Mn magnetic moment pro-
jected onto the incident light direction. In panel b, the solid curves represent the results of the
simulation using the Stoner-Wohlfarth model, and the inset shows the simulated magnetic-moment
direction as a function of the magnetic-field angle. c Transverse XMCD spectra measured with
positive and negative transverse magnetic fields. Calculated spectra are also shown at the bottom.
d Schematic energy diagram of the Mn 3d orbitals in (Ba,K)(Zn,Mn)2As2. e Schematic energy
diagram showing how the perpendicular magnetic anisotropy emerges as a result of the degeneracy
lifting caused by spin-orbit interaction ζ.
the total energy of the system is expressed as [3]
E = −µ0MsatH cos (θM − θH)
+
µ0
2
M2sat cos
2 θM −KU cos
2 θM , (1)
where µ0 denotes the permeability of vacuum, Msat the saturation magnetization, H the
magnitude of the magnetic field and KU the uniaxial magneto-crystalline anisotropy energy
per unit volume. As shown in Fig. 1c, θM and θH represent the angles of the magnetic
moment and the magnetic field relative to the sample normal (c-axis direction). The first
term represents the Zeeman energy, the second term the shape anisotropy energy, and the
third term the uniaxial anisotropy energy. From this formula, one can calculate θM [or the
7
projected moment Msat cos(45
◦
− θM )] for given θH , H , Msat and KU by minimizing the
total energy E. In this way, we have fitted the data treating K and Msat as free parameters,
and results are shown by a red curve in Fig. 3b. The fit has yielded KU = (6.2± 0.5)× 10
4
J/m3 and the saturation magnetization per Mn atom mMn = 0.60 ± 0.03 µB. These values
give the anisotropy field 2KU/Msat of 0.85 ± 0.07 T. The positive value of KU means that
the easy axis is along the c-axis, being consistent with the previous study [17]. The obtained
mMn of 0.60 µB at 20 K is by far smaller than those of (Ga,Mn)As of 4.5 µB [4]. This implies
the existence of antiferromagnetically coupled Mn pairs or magnetically inactive Mn atoms,
but this issue should be resolved in future studies.
Figure 3c shows the TXMCD spectra, namely, XMCD spectra taken with the transverse
geometry (θH = −70
◦, 110◦ or θM ∼ −45
◦, 135◦) at which the spin component in the
projected magnetic moment disappears and only the magnetic-dipole term is present. For
the numerical correspondence between θM and θH in the TXMCD geometry, refer to the
inset of Fig. 3b. The angles of the magnetic field were determined such that the XMCD
intensity was minimized. In Fig. 3c, the dashed curves represent the actual data and solid
curves are guides to the eye, which are obtained by curve fitting with three Voigt functions.
The spectral line shape is very different from that of LXMCD, indicating that the signals
observed here is not due to the residual spin component. Moreover, the sign of the TXMCD
spectra is reversed by rotating the magnetic field by 180◦. If these weak TXMCD spectra
were just differential XAS spectra resulting from the slight photon-energy difference between
left- and right-circularly polarized x rays, the two TXMCD spectra taken with the different
magnetic-field directions should coincide. Therefore, the sign reversal observed here is strong
evidence to prove that the TXMCD signals are not artifacts but real.
The calculated TXMCD spectra are also shown at the bottom of Fig. 3c. Although there
are some discrepancies in the line shapes, the overall features well capture the experimental
observation. According to the calculation, 0.2 eV D2d splitting resulted in almost fully
occupied (∼98% filled) dxy, dz2, dx2−y2 orbitals and slightly less occupied (∼89% filled) dxz,
dyz orbitals. Therefore, holes are predominantly doped into the dxz and dyz orbitals, or p-dxz
and p-dyz hybridized orbitals.
This situation is schematically depicted in Fig. 3d. Under the tetrahedral crystal field,
the five Mn 3d orbitals are split into doubly degenerate e (dx2−y2, dz2) orbitals and triply
degenerate t2 (dxy, dxz, dyz) orbitals as shown on the left-hand side of Fig. 3d. The t2 orbitals
8
strongly hybridize with As 4p orbitals and form bonding and anti-bonding p-t2 orbitals, while
the e orbitals remain intact as shown in the middle column of Fig. 3d. The bonding and
anti-bonding p-t2 hybridized orbitals predominantly consist of t2 and p orbitals, respectively.
This orbital configuration is realized in cubic (Ga,Mn)As, and the holes residing in the anti-
bonding p-t2 hybridized states are the source of ferromagnetic exchange interaction. The
elongation or compression of the MnAs4 tetrahedra along the c-axis splits each of the t2 and
e energy levels further into sub-levels: the t2 level split into (dxz, dyz) and dxy levels, and
the e level split into dx2−y2 and dz2 levels. In the present system, the dxz and dyz levels lie
higher in energy than the dxy level, and the dx2−y2 level higher than the dz2 level [32], as
shown on the right-hand side of Fig. 3d. The doped holes thus reside in the p-dxz and p-dyz
hybridized anti-bonding orbitals.
Magneto-crystalline anisotropy arises as a consequence of the energy gain of electrons
occupying crystal-field-split orbitals caused by spin-orbit coupling when spins are aligned
along a certain crystallographic direction, and only the orbitals near the Fermi level are
relevant. In the present system, the p-dxz and p-dyz hybridized anti-bonding orbitals near
the Fermi level with holes in them should be responsible for the magnetic anisotropy. Figure
3e shows how the partially occupied dxz and dyz orbitals can give rise to perpendicular (z-
axis) magnetic anisotropy. When spins are aligned along the z-axis by a magnetic field,
the degeneracy of the dxz and dyz orbitals will be lifted due to spin-orbit interaction to
form dxz ± idyz (Lz = ±1) orbitals, resulting in an energy gain. On the other hand, when
spins are aligned in the x-y plane, the dxz and dyz orbitals remain degenerate because any
linear combination of these orbitals cannot form the eigenstate of Lx or Ly, and thus there
is no energy gain. This anisotropy of orbital magnetic moment may explain the difference
in out-of-plane and in-plane saturation magnetizations observed in the previous study [6].
This situation is similar to the cases of Fe/MgO [37, 38] and Co/Pt interfaces [39], where
the origin of their large PMA was attributed to the degeneracy lifting of the dxz and dyz
orbitals near the Fermi level.
The present results also imply that it is possible to control the magnetic anisotropy
by changing the number of carriers to change the electron occupation of each d orbital
or even by the isoelectric substitutions that changes the magnitude of the D2d splitting.
These degrees of freedom would enable one to independently control the Curie temperature,
carrier concentration, and magnetic anisotropy, which would be useful for future spintronics
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applications. Such potential functionalities should be explored in future studies.
In summary, we have performed angle-dependent XMCD study to reveal the origin of per-
pendicular magnetic anisotropy of (Ba,K)(Zn,Mn)2As2. Using the Stoner-Wohlfarth model
fitting, the magnetic anisotropy energy was estimated to be KU = (6.2±0.5)×10
4 J/m3 and
the saturation magnetization per Mn atom was estimated to be mMn = 0.60 ± 0.03 µB. We
have observed transverse XMCD spectra, which have been well reproduced by cluster-model
calculation with D2d splitting where holes reside in the dxz and dyz orbitals. We conclude
that the magnetic anisotropy originate from the degeneracy lifting of those orbitals due to
spin-orbit coupling and resulting energy gain when spins are aligned along the z-direction.
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SUPPLEMENTARY INFORMATION
Sample growth
Ba0.904K0.096(Zn0.805Mn0.195)2As2 single crystals with TC = 60 K were grown by the flux
technique. (Zn,Mn)As precursors were first prepared by heating the mixture of high-purity
Zn, Mn, and As at 750 for 35 hours. Ba and K were then incorporated into a quartz tube
with the precursors. The quartz tube was heated at 1200 for 48 hours and cooled down to
room temperature at the rate of 3 /h. See ref. [6] for further details.
Cluster-model calculations
Computational details
We used the code Xtls version 8.5 for the CI cluster-model calculation [30]. In the
calculation, we have employed the same geometry as the experiment. We have assumed a
tetrahedral [MnAs4]
−9 cluster (Mn3+ cluster), the ground state of which is represented by
the superposition of d4, d5L, and d6L2 configurations, where L denotes a ligand hole. The
Mn3+ cluster rather than the Mn2+ cluster consisting of d5, d6L, and d7L2 configurations was
reported to better reproduce the resonant inelastic x-ray scattering spectra of (Ga,Mn)As
[31]. Note that the Mn3+ cluster has the predominant d5L configuration, and hence the
difference from the Mn2+ cluster whose ground state has the predominant d5 configuration is
rather subtle. We have used basically the same parameters as those used for (Ga,Mn)As [31]
because the Mn atoms in (Ba,K)(Zn,Mn)2As2 are coordinated by the distorted tetrahedra
As4, similar to those in (Ga,Mn)As coordinated by the tetrahedra As4. The ligand-to-3d
charge-transfer energy ∆, defined as the energy difference between the d5L and d6L2 states,
was set to ∆ = 1.5 eV, the d-d Coulomb interaction energy Udd = 3.5 eV, the Slater-Koster
parameter pdσ = −0.9 eV, and the tetrahedral crystal field −10Dqcrys = 0 eV. Although
−10Dqcrys was set to be 0 eV, the finite p-d hybridization causes effective Td crystal-field
splitting of −10Dqhyb ∼ −pdσ [31]. The Slater integrals for the 3d-3d and 3d-2p multipole
interactions are reduced to 80% of the atomic Hartree-Fock values, and the 2p spin-orbit
interaction is scaled to 103% [40]. In order to model the elongated tetrahedra, or the quasi
two-dimensional crystal structure, we have introduced an additional small D2d splitting
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FIG. 4. Cluster model calculations. a XAS, b LXMCD, and c TXMCD spectra for Mn3+
[MnAs4]
−9 cluster with or without D2d splitting.
that makes the dxz and dyz orbitals lie higher in energy by 0.2 eV than the dxy orbital, and
the dx2−y2 orbital higher in energy by 0.2 eV than dz2. The parameters for D2d splitting
were chosen based on the DFT calculation [32] which showed a ∼0.2 eV splitting for the
relevant orbitals. The calculated ground state consists of 9% d4, 76% d6L2, and 15% d6L2
configurations. Note that the D2d splitting between the dz2 and dx2−y2 orbitals adopted
in the present calculations is opposite to what is expected from D2d crystal field in an
elongated tetrahedron. This counterintuitive orbital configuration is probably resulted from
the network of edge-shared tetrahedra, where there would be additional crystal field from
neighboring tetrahedra.
Calculations with various D2d parameters
Figure 4 shows the calculated XAS and XMCD spectra with or without D2d splitting in
longitudinal and transverse geometry, referred to as LXMCD and TXMCD, respectively. In
longitudinal (transverse) geometry, the magnetic moment is aligned parallel (perpendicular)
to the incident x-ray direction. The D2d splitting makes t2g orbitals split into dxz,yz and dxy
orbitals and eg orbitals split into dz2 and dx2−y2 orbitals. The energy difference between dxy
and (dxz, dyz) orbitals (Exy−Exz,yz) is denoted as DT2, and the energy difference between dz2
and dx2−y2 orbitals (Ex2−y2 − Ez2) is denoted as DE. While the XAS and LXMCD spectra
are rather insensitive to the D2d splitting, the TXMCD spectra change their line shape: only
with the positive DE = 0.2 eV, a positive peak appears below the XAS peak position as
indicated by black arrows in fig. 4c. Because such a pre-edge peak was also observed in
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the experiment as shown in fig. 3c in the main text, it can be said that the dx2−y2 orbital
lies higher in energy than the dz2 orbitals. As mentioned above, the positive sign of DE
is opposite to what is expected from D2d crystal field in a lone elongated tetrahedron but
agrees with the previous theoretical calculations [32].
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